To improve its performance, extend its lifetime, and overcome the problem of the slow dynamic during the start-up and the operation process of PEMFC, this paper presents current short circuit and smart energy management approaches for a main PEMFC with auxiliary PEMFC, battery and supercapacitor as hybrid power source in parallel with an intelligent uninterrupted power supply (UPS) system. The hybrid UPS system consists of two low-cost 63-cell 300W PEMFC stacks, 3-cell lead-acid battery, and 20-cell series-connected supercapacitors. Based on the designed intelligent hybrid UPS system, experimental tests and theoretical studies are conducted. Firstly, the modelling of PEMFC is obtained and evaluated. Then the performance improvement mechanism of the current short circuit is proposed and analysed based on the Faradaic process and 2 non-faradaic process of electrochemical theory. Finally, the performances of the main PEMFC with the auxiliary PEMFC/battery/supercapacitor hybrid power source and intelligent energy management are experimentally measured and analysed. The proposed current short circuit method can significantly extend the lifetime, improve the performance of PEMFC and decrease the size of the main FC for stationary, backup power sources and vehicular applications.
frequency power in case of power failure [2] . For instance, US Department of Energy (DOE) funded 18 FC backup power systems at 10 installation sites will help accelerate the deployment of clean technology at Federal government facilities and provide valuable data and feedback for FCs [3] .
However, the primary technology challenges facing the development of PEMFC for the applications as mentioned above are the durability, cost and performance of the FC. The cost and durability present two of the most significant challenges to achieving reliable, clean, cost-effective FC systems. While addressing cost and durability, FC performance must meet or exceed that of competing technologies [4, 5] . A PEMFC generating system, using a perfluorinated sulfonic acid (PFSA) membrane and with self-humidified, air-cooling and air-breathing PEMFC stack, will encounter the problems like voltage drop. It is difficult to achieve the best performance every time after the FC starts up and during operation process. At the cathode side, as oxygen from the air is supplied by diffusion and natural convection, the poor transportation of air, heat and water managements are the crucial issues. At the anode side, hydrogen fed is usually in dead-end mode and may even cause hydrogen starvation because of flooding and other causes. In order to overcome these limitations, many researches for air-breathing PEMFCs have been recently carried out from their internal structure design and employing the newest materials [6] [7] [8] [9] .
On the other hand, the UPS system with backup PEMFC/battery/supercapacitor hybrid power sources should ensure that there is enough fuel and battery/supercapacitor capacity to provide the power needed by the external load. When the utility grid power source is interrupted, the hydrogen will be supplied to PEMFC stack. However, during the 10 s start-up time of the stack, or a sudden change of external load, the hydrogen cannot be fed fast enough, and the FC stack may take a few seconds to reach the required output voltage. To overcome this issue, another PEMFC is used in parallel, composed of a redundant system. Meanwhile, the rechargeable battery or supercapacitor can be used to respond fast to the external load, protecting the PEMFC from fuel starvation and degradation.
Studies on the current short circuit methods to improve the performance and extend the lifetime of the PEMFC have not been reported. However, many scholars have done a lot of research on the starvation prevention and lifetime extension of the FCs in other cases.
Recently, a review article [10] indicated the main factors affecting the lifetime of PEMFC in vehicle applications, such as the water management problems, reactant starvation issues, and the effects of the operating parameters on the PEMFC dynamic response.
According to the theory analysis and experimental investigation, appropriate current short circuit can improve the performance and extend the lifetime of the FCs. At the moment of using the current short circuit, because of a large current, the extra water produced in the gas diffusion layer (GDL) can be evaporated rapidly. And the surface on the membrane electrode assembly (MEA) will produce the right amount of moisture evaporated rapidly as mentioned above, which is conducive to enhancing the activity of membrane electrode active particles. Simultaneously, the double-layer capacitance voltage can be discharged rapidly, which makes the potential drop across the diffuse layer in the catalyst layers (CLs) of MEA become the smallest, so the potential degradation is the slowest.
Based on the ideas above, this paper, in order to enhance the activity of MEA, prevent PEMFC from flooding and starvation in the GDL, improve its performance, lengthen its lifetime, and overcome the problem of the slow dynamic during the start-up and the operation process of air-breathing PEMFC, presents a current short circuit and smart energy management strategy in a main PEMFC generating system with an auxiliary PEMFC/battery/supercapacitor hybrid power source developed for UPS applications. Fig. 1 shows the schematic diagram of the UPS system, including two 300 W PEMFC stacks, 3-cell lead-acid batteries in series, 20-cell supercapacitors in series, a single phase high frequency UPS, and the intelligent control unit. In Fig. 1 , the auxiliary FC, supercapacitor and battery are connected to the DC bus directly. According to the load and the measurement values of current (I 1 -I 4 ) and voltage (V 1 -V 4 ) for the main and auxiliary PEMFCs, batteries and supercapacitors, the intelligent control unit can control the turning on and off of current short circuit switches SC1 and SC2, and the power switches K1-K4, and determine the required power sources for UPS. The "current short circuit" means shorting the two output terminals FC+ and FC-of the two PEMFC stacks' end plates, as shown in Fig. 1 . Because of the voltage drop and slow dynamic performance of PEMFC stack during starting up and the operation process, another PEMFC, a small capacity battery and supercapacitors in series are employed in parallel to improve the performance of the main PEMFC generating system, and supply power sources for the UPS system, when the utility grid is interrupted and/or during the responding time to sudden change of the load.
Voltage modeling of PEMFC
The PEMFC is a type of the electrochemical energy conversion device, and the output voltage can be obtained as [11] ( ) ( ) Pt (or Pt-alloy) catalyst, together with a recast Nafion ® ionomer network, forms a complex composite CL with multiple interfaces, which is critical for the transport of reactant gas, hydrated H + proton, electrons, and water. Both the structure and the composition of the CL have been found to be important in improving cell performance.
According to the electrochemical theory, there are two types of processes occurring at the electrodes. One is the Faradaic process, and the other is non-faradaic process [13] .
Faradaic process and factors affecting rates of electrodes reactions
From Faraday's law, since electrode reactions are heterogeneous, their reaction rates are usually described as
where N is the mol electrolyzed (mol).
In general, the electrode reaction rate (or current) is controlled by the rates of processes, such as the mass transfer, electron transfer at the electrode surfaces, chemical reactions preceding or following the electron transfer, and the other surface reactions of adsorption and desorption.
At the moment when the current short circuit is applied in the PEMFC control system, because the load resistance is almost zero, the current in the PEMFC stack is the maximum, so the electrode action rate tends to be the maximum. When the current short circuit is applied, because of a large current, the extra water produced in the GDLs of the MEA can be evaporated rapidly. Therefore, the reactant gas can transfer to CLs quickly, and the performance of PEMFCs can be improved.
On the other hand, the moisture evaporated rapidly can enhance the activity of membrane electrode active particles in the surface of MEAs. Therefore, their maximum reaction rates can accelerate the rate-determining steps creating their productions or disposing of their reactants.
Nonfaradaic process and behavior of electrode-membrane interface
The processes such as the adsorption and desorption can take place, and the structure of the electrode-membrane interface can change with changing potential or membrane composition, which is called nonfaradaic processes.
The nonfaradaic processes are the nature behavior of the electrode-membrane interface.
According to the electrochemical theory, because the charge cannot cross the ideal polarized electrode (IPE) when the potential across it is changed, the behavior of electrode-membrane interface is similar to that of a capacitor C, as shown in Fig. 2 .
The whole array of charged species and oriented dipoles existing at the metal-solution interface is called the charge double layer (CDL). At a given potential, the electrode-membrane interface is characterized by the double-layer capacitance C.
Unlike a real capacitor, whose capacitance is independent of the voltage across it, C is the function of potential, which is
where C V is the double-layer capacitance voltage (V); Q ∆ the changing amount of the electrical charge (C); I the PEMFC stack current (A); and disc T the discharging time (s).
According to the double-layer structure models, the specific adsorption of ions can affect the electrode reaction kinetics, which is sometime called the Frumkin effect [13] .
In a double-layer structure model, there are an inner layer and a diffuse layer Based on the Gouy-Chapman model and theory, the potential distribution in the diffuse layer can be expressed as [13] Equation (7) describes the potential profiles of the diffuse layer, and the potential always degrades from the interface of the MEA. Because the diffuse layer is relatively compact, at large 0 φ , the potential φ drops quickly. As 0 φ becomes smaller, the potential decline is more gradual.
Therefore, in this PEMFC system, at the moment of using the current short circuit method, the double-layer capacitance voltage C V can be discharged rapidly, which makes the 0 φ in the CLs of MEAs become the smallest, and the potential degradation is the slowest.
Experimental setup and results

Experimental setup
To validate the performances and lifetime of the two PEMFCs, real input and output data are measured on the main PEMFC, auxiliary PEMFC, batteries and supercapacitors.
The experimental setup consists of a UPS system, the PEMFC generating and test control the whole process. In Fig. 3 , the SCU indicates the current short circuit control unit. Fig. 4 shows the test bench of hybrid PEMFCs, battery, and supercapacitor system. The lifetime extension and performance improvement testing under various operating conditions were carried out on the two 300W PEMFC generating and test system by our own design and manufacturing. During the testing, the two 63-cell PEMFC stacks were operated at different currents of 0-10 A. The temperature of two stacks was kept at 24-55 °C and the pressure of hydrogen was controlled at 50-55kPa. The flow rates for hydrogen were set at 3.9 and 1.2 standard litres per minute (SLPM) or at 1.2-1.5 stoichiometry of hydrogen.
Experimental results and discusion
According to the electrochemical circuit model and voltage equation of PEMFC, a value of about 1.23V for a cell operating below 100 °C is calculated and used in theoretical analysis. However, when a PEMFC is made and put into use, it is found that the voltage is less than this value, often considerably less. When the current short circuit is put into practice , the following control strategy can be chosen. Using the CSC for 10 minutes and no CSC for the rest during one hour, the loss of PEMFC performance would be small. However, when the CSC has not been used in the PEMFC for a long time, the voltage decline can reach an attenuation of up to 20%. When the CSC method is employed in the PEMFC control process, there are two issues:
one is that the CSC operation will result in loss of system efficiency, as shown in Fig. 7,   18 where the PEMFC efficiency is less than 35 %. Fig. 8 shows the UPS system efficiency with the load change. Relatively, the system efficiency using the CSC is less than that without using the CSC. In fact, without using the CSC, the performance of PEMFC will decline. Fig. 7 . PEMFC efficiency measured in the UPS system using the CSC Fig. 8 . UPS efficiency with load change measured in the UPS system using the CSC The other is that the interruption of power source will take place in UPS system. In order to solve this problem, there are three types of methods as follows.
Main and auxiliary PEMFC in parallel
As shown in Fig. 1 , when the intelligent control unit makes the K1 and K2 turn on, another auxiliary PEMFC is used to work with the main PEMFC in parallel, which indicates that two PEMFCs supply the power sources for the UPS system. When the short-circuit switches SC1 and SC2 are on, the main and auxiliary PEMFCs are in the short circuit of the current. Because they can supply the power source in parallel for UPS system if SC1 and SC2 are not turned on at the same time, it can avoid the power interruption of UPS, as shown in Fig. 9 . Because two PEMFCs are connected in parallel,
shorting the stacks does not always result in cell reversals in cells that happen to run out of hydrogen first during the shorting events. 
Main PEMFC and batteries in parallel
As shown in Fig. 1 , when the intelligent control unit makes the K1 and K3 turn on, the 3-cell 12V/5Ah/10HR lead-acid batteries are used to work with the main PEMFC in parallel, which indicates that the main PEMFC will mainly supply the power sources for the UPS system, the batteries can supply auxiliary power source when the PEMFC starts up and is with a current short circuit to improve its performance. Their operating voltages and currents are shown in Figs. 10, 11 and 12, for the cases, when the main PEMFC starts up and fails, and the load charges sharply, respectively. The power source of UPS will be supplied with the batteries. 
Main PEMFC and supercapacitors in parallel
As shown in Fig. 1 , when the intelligent control unit makes the K1 and K4 turn on, the 20-cell 120F/2.7V supercapacitors in series are used to work with the main PEMFC in parallel, which indicates that the main PEMFC will mainly supply the power sources for the UPS system, the supercapacitors can supply auxiliary power source when the PEMFC is under a current short circuit to improve its performance. Their operating voltages and currents of main PEMFC and supercapacitors are shown in Fig. 13 . In conclusion, the three methods mentioned above can overcome the issues of power supplied for UPS system when using the CSC to improve the performance and extend the lifetime of PEMFCs.
Conclusion
This paper presents the considerations and architecture of lifetime extension and performance improvement for PEMFC in a UPS system with backup main and auxiliary PEMFCs, supercapacitor and battery power source. To prolong its lifetime and improve the performance of PEMFC when the stack starts up and during the operation processes, a current short circuit method and smart power and energy management strategy of two PEMFC generating power systems are employed and implemented. Based on the equivalent circuit model of a PEMFC and performance improvement mechanism of current short circuit, to meet the demand of performance for PEMFC when starting up, failing, and under a current short circuit, three kinds of experimental test and analysis are conducted and obtained experimentally, which are the operating performance of the main and auxiliary PEMFCs in parallel, the main PEMFC and lead-acid battery in parallel, and the main PEMFC and supercapacitor in parallel. The theoretical analysis and experimental results indicate that the developed current short circuit control strategy with backup hybrid PEMFC/battery/supercapacitor power sources is suitable for portable, backup, stationary power and vehicles applications. 
